ABSTRACT: Genetic parameters from both singletrait and bivariate analyses for prolificacy, weight and wool traits were estimated using REML with animal models for Columbia sheep from data collected from 1950 to 1998 at the U.S. Sheep Experiment Station (USSES), Dubois, ID. Breeding values from both singletrait and seven-trait analyses calculated using the parameters estimated from the single-trait and bivariate analyses were compared with respect to genetic trends. Number of observations were 31,401 for litter size at birth and litter size at weaning, 24,741 for birth weight, 23,903 for weaning weight, 29,572 for fleece weight and fleece grade, and 2,449 for staple length. Direct heritability estimates from single-trait analyses were 0.09 for litter size at birth, 0.06 for litter size at weaning, 0.27 for birth weight, 0.16 for weaning weight, 0.53 for fleece weight, 0.41 for fleece grade, and 0.55 for staple length. Estimate of direct genetic correlation between litter size at birth and weaning was 0.84 and between birth and weaning weights was 0.56. Estimate of genetic correlation between fleece weight and staple length was positive (0.55) but negative between fleece weight and fleece
Introduction
Few selection studies have been conducted with dual-purpose Western range sheep in the United States, and even fewer of these can be considered longterm studies. Sakul et al. (1999) reported slight improvement in litter size and 120-d weight over a 30-yr period for grade Targhee sheep, in a range environ-3086 grade (−0.47) and between staple length and fleece grade (−0.70) . Estimates of genetic correlations were positive but small between birth weight and litter size traits and moderate and positive between weaning weight and litter size traits. Fleece weight was lowly and negatively correlated with both litter size traits. Fleece grade was lowly and positively correlated with both litter size traits, while staple length was lowly and negatively correlated with the litter size traits. Estimates of correlations between weight traits and fleece weight were positive and low to moderate. Estimates of correlations between weight traits and fleece grade were negative and small. Estimates of correlations between staple length and birth weight (0.05) and weaning weight were small (−0.04). Estimated breeding values averaged by year of birth from both the singletrait and multiple-trait analyses for the prolificacy and weight traits increased over time, but were unchanged for the wool traits. Estimated changes in breeding values over time did not differ substantially for singletrait and multiple-trait analyses, except for traits highly correlated with another trait that was responding to selection. ment. However, they concluded that the response represented a potentially significant economic advantage. Ercanbrack and Knight (1998) reported phenotypic trends and genetic gains for a 12-yr period for four breeds of range sheep. They showed that selection solely for litter weight of lamb weaned substantially increased lamb production with only minor penalties in wool production. Burfening et al. (1993) estimated genetic change in reproductive rate in Rambouillet sheep raised in a range environment. Their selection for 18 yr was based on a reproductive index of dam's total lifetime lambs born/(age in years − 1). Their results indicated that the reproductive index did respond to selection. Lasslo et al. (1985) reported genetic improvement in dual-purpose Targhee sheep selected for weaning weight over 20 yr for both a range environ- Table 1 . Number of records, animals with records, sires and dams of animals with records, years of records, and unadjusted means and standard deviations (SD) of prolificacy, weight, and wool traits Includes records from all ewes exposed to a ram at breeding and present at lambing.
ment and an environment with a higher plane of nutrition.
The main objective of this study was to document genetic trends in production traits of the Columbia, a dual-purpose breed of sheep at the U.S. Sheep Experiment Station (USSES), Dubois, ID, over a 49-yr period (1950 to 1998) , where selection was based on weaning performance under range conditions. The production traits examined included prolificacy, weight, and wool traits. A secondary objective was to compare genetic trends estimated from single-and multi-trait analyses.
Materials and Methods

Animals and Management
The Columbia breed was developed at the Wyoming Experiment Station at Laramie in 1912 from Rambouillet ewes bred to Lincoln rams and was moved to the USSES in 1916. From its inception, the Columbia breed has been maintained and included in a variety of selection projects at the USSES (Ercanbrack and Knight, 1981; . The USSES has been a primary source of foundation breeding stock for the Columbia breed. This population of Columbia sheep represents the longest time span (49 yr) and the largest number of animals (approximately 31,000 lamb records) currently available for determining genetic parameters for the Columbia breed. Currently, few estimates of genetic parameters for the Columbia breed are available. Bromley et al. (2000) estimated genetic parameters using data from 1977 through 1996 from this population.
During the 48-yr period, the Columbia breed was subjected to different selection criteria generally related to increasing weaning weight. Selection favored wool and growth traits in the early years (approximately 1950 to 1969) , then individual lamb weaning weight and litter size (from 1969 to 1976) , then weaning weight of the lamb or total litter weight weaned of the ewe (from 1976 to 1998). A random bred control line was also maintained for many of these years. A total of six outside rams were introduced, all for the 1977 and 1978 breeding seasons. Lines have been rerandomized several times as new selection criteria were imposed on the flock. Rams in control lines that were superior for the selection traits were often used in the appropriate selection lines. The effect of selection could not be accounted for because of the rerandomization of breeding animals over the years of this study. The genetic trend in this flock may represent general selection emphasis of the American sheep industry over this time period for traits of economic importance.
The numbers of records per trait, as well as unadjusted means and standard deviations, are presented in Table 1 . Ercanbrack and Knight (1998) previously described general management of the flock. Ewes were produced and managed as range ewes. Lambs were born under shed-lambing conditions primarily in April. Litters with more than two lambs born alive were reduced to two lambs by fostering excess lambs to other ewes or raising them as orphans. One or two d after lambing, ewes and lambs were moved to outside feedlots (mixing pens). Fifteen to 20 d after lambing, ewes and lambs were put into grazing bands and grazed on a sagebrush-grass, spring-fall range at elevations ranging from 1,600 to 1,700 m. At approximately 75 d of age, bands were moved to a mountain summer range, where they grazed at elevations ranging from 2,000 to 2,900 m. Weaning data were obtained on the summer range in August when the average lamb age was near 120 d and when ram lambs were removed from the flock. Ewes were trailed back to the spring-fall range in mid-September, where ewe lambs were removed and ewes were culled for unsoundness. Ewe lambs were bred at 7 mo of age to lamb as yearlings. Ewes were exposed to rams in single-sire pens in early November for 21 d. The number of ewes per ram varied, with a breeding ratio of 20 to 30 ewes per ram for the selection lines and 12 to 18 ewes per ram for the control lines. After the initial breeding period, ewes were trailed to a winter range (approximately 1,600 to 1,700 m elevation) and exposed to Suffolk Prolificacy Traits. Litter size at birth (number of lambs born per ewe exposed during single-sire pen matings) and litter size at weaning (number of lambs weaned per ewe exposed) were recorded for each ewe exposed and present at lambing. Only lambs born and raised by a ewe were included in litter size at weaning. A summary of the numbers of litters born, types of birth, and survival by type of birth is presented in Table 2 . Lower survival rates of single born lambs compared to twin born lambs were likely due to the greater proportion of single born lambs being reared by younger ewes (Snowder et al., 2001) . A summary of numbers of ewes by age, litter size at both birth and weaning, and survival by age of ewe is presented in Table 3 .
Weight Traits. Birth weight (kilograms) was recorded for all lambs born alive. Only records from purebred lambs raised by their birth dam were included in analyses of weaning weight data. Weaning weight (kilograms) was adjusted to 120 d of age, using individual birth weight and average daily gain from birth to weaning.
Wool Traits. Greasy fleece weight (kilograms) and fleece grade (U.S. spinning count) were obtained annually at shearing in late May. Fleece grades were subjectively determined by certified graders according to U.S. wool grade standards (Pohle, 1963) . Staple length (centimeters) was measured prior to shearing at midside without stretching the fiber. Staple length was primarily measured on lambs and rams only. Staple length data for ewe lambs were available from 1977 through 1991. Only wool data from ewes and ewe lambs with lambing records were included in these analyses.
Statistical Analysis
(Co)variance components for each trait were estimated from single-trait analyses using models described in Table 4 . (Co)variance components between traits were estimated from two-trait analyses where the models described in Table 4 were combined with appropriate covariances between random effects in the model. Individual breeding values were estimated from single-trait analyses. Individual breeding values were also estimated from a seven-trait analysis, using the within trait co(variances) from single-trait analyses and between trait correlations from two-trait analyses. Means of estimated breeding values by year of birth were calculated from the seven-trait analysis and compared with the corresponding means of estimated breeding values from single-trait analyses.
Single-Trait Analysis
The single-trait linear model used was
where y is the vector of observations, β is the vector of fixed effects, X is a design matrix relating fixed effects to y, a is a vector of additive genetic effects of animals, m is a vector of maternal genetic effects, p is a vector of permanent environmental effects corresponding to the ewes, with incidence matrices Z a , Z m , and Z p relating the effects to y, and e is a vector of random residual effects. Nonadditive genetic effects were assumed not to exist.
Expected values and (co)variance structures for random effects were assumed to be E(y) = Xβ, E(a) = E(m) = E(p) = 0, var(a) = Aσ e are the direct additive genetic, maternal additive genetic, permanent environmental, and residual components of variance, respectively, and σ am is the covariance between direct and maternal additive genetic effects. The full model was used for the weight traits, while a reduced model with the maternal genetic effects removed was used for the prolificacy and wool traits. Because only yearling records were in the staple length analysis, the permanent environmental effect was not included in the model for staple length.
Fixed effects included in the model for the prolificacy traits were age of ewe in years at lambing (1 to 12) and year of lambing (1950 to 1998) . Records of all ewes that were bred and present at lambing were included. Therefore, number of lambs at birth or at weaning could be zero. Analyses of litter size at birth included only parturitions that resulted from single-sire pen matings. Litter size at weaning included only lambs that resulted from single-sire pen matings that were present with their biological mother at weaning. Models for litter size at weaning included the fixed effect of foster code (1, if ewe did not raise a foster lamb; 2, Includes records from all ewes exposed to a ram at breeding and present at lambing.
if ewe did raise a foster lamb). Foster lamb records were not included in the record of either the birth dam or the foster dam for litter size at weaning. The model for birth weight also included the fixed effect of type of birth (1 to 4), while the model for weaning weight included the fixed effect of type of birth and rearing. One of eight types of birth and rearing combinations was assigned to each lamb to account for a lamb born as a single, twin, triplet, or quadruplet, and reared as a single, twin, or triplet.
Year of birth was included as a fixed effect in the model for all three wool traits. Because animals could have more than one measurement for fleece weight and fleece grade, the additional fixed effect of age (years) at shearing was added to the model for these two traits. Julian day of year shorn was included as a linear covariate for all three wool traits. 
Two-Trait Analyses
Traits were analyzed by pairs to estimate covariance components. In addition to (co)variance structures for single-trait models, covariances between the two traits depended on the models for the traits (Table 4) . For two-trait analyses for litter size at weaning with each of the wool traits, the fixed effect of number of lambs weaned included in the model for wool traits was dropped from the model due to apparent confounding with the litter size weaned trait.
Correlations between permanent environmental effects were estimated between prolificacy traits and wool traits recorded in the same year of production. To estimate environmental correlations between an animal's own birth weight, weaning weight, and yearling staple length and her prolificacy and wool traits, a permanent environmental effect was included in the model for birth weight, weaning weight and yearling staple length. This assignment of a permanent environmental effect to those traits, which were measured only once for each animal, was done to force the covariance between environmental effects into the covariance between permanent environmental effects rather than to the covariance between residual effects when one of the traits was measured more than once. Although the environmental covariance across traits can be forced into permanent environmental effects, interpretation requires some caution when one trait, such as birth weight, cannot have repeated measures (Okut et al., 1999) . Because of the complete confounding between the permanent environmental and residual effects, variance due to those effects can go to either component of variance, which also makes interpretation of correlations among permanent environmental effects difficult (Bromley et al., 2000) . The environmental variance for the single measured trait was calculated by summing variance components for permanent environmental and residual effects. The environmental correlation between traits was calculated with the formula presented by Okut et al. (1999) . For pairs of traits measured in the same year for each ewe (litter size at birth, litter size at weaning, fleece weight, and fleece grade), covariances between both permanent and temporary environment effects were estimated from bivariate analyses.
A derivative-free REML algorithm (DFREML, Graser et al., 1987) using computer programs of Boldman et al. (1995) was used for estimating (co)variance components. Local convergence was considered attained when the variance of the −2 log likelihoods in the simplex was less than 10 −6 . Global convergence was considered attained when the −2 log likelihoods did not change to the third decimal after restarting.
Seven-Trait Analysis
Estimates of (co)variances from single-trait analyses and estimates of correlations from two-trait analyses were used to set up mixed-model equations to estimate breeding values for the seven traits simultaneously. A 9 × 9 genetic (co)variance matrix and an 11 × 11 environmental (co)variance matrix were constructed. There were two types of permanent environmental covariances between traits included in the environmental (co)variance matrix. The first type was the permanent environmental covariance estimated from traits with repeated records. The second type was where the permanent environmental effect was completely confounded with the temporary environmental (or residual) effect because the trait was measured only once. Because the variance due to the permanent environmental and residual effects can go to either component of variance, a fraction of the total environmental variance (0.0001) was arbitrarily assigned to the residual variance for traits measured only once, and the remainder was assigned to the permanent environmental variance.
Because a (co)variance matrix must be positive definite, a singular value decomposition was applied to each of the two matrices as follows:
where V is either the genetic or environmental (co)variance matrix, D is a diagonal matrix of eigenvalues, and P is a matrix of eigenvectors. Any eigenvalue in D that was negative was replaced with a small positive value (0.0001) to create a modified diagonal matrix, D*. A new (co)variance matrix was then calculated as V* = PD*P′ where V* is positive definite.
Results and Discussion
Estimates from Single-Trait Analyses
Estimates of genetic parameters for prolificacy, weight, and wool traits from single-trait analyses are in Table 5 .
Prolificacy Traits. Heritability estimates for the prolificacy traits were small, 0.09 for litter size at birth and 0.06 for litter size at weaning. Fractions of variance due to permanent environmental effects of the ewe were also small, 0.03, for both traits. Estimates of heritability were similar to those reported by Bromley et al. (2000) of 0.07 for lambs born per parturition (lambs born) and 0.03 for lambs weaned per parturition (lambs weaned). Fractions of variance due to permanent environmental effects that they reported were also small (0.03 for lambs born and 0.07 for lambs weaned). For lambs born, de Vries et al. (1998) reported similar estimates for both heritability (0.10) and fraction of variance due to permanent environmental effects for the Swifter breed (0.02), a synthetic breed developed for high fecundity and improved meat production. Fogarty (1995) , in a review, reported a weighted mean of estimates of heritability for litter size at birth to be 0.08. Burfening et al. (1993) reported an estimate of heritability (0.11) for litter size at birth for Rambouillet ewes managed under Western mountain range conditions. Sakul et al. (1999) reported a lower estimate of realized heritability (0.011) and a similar mixed-model estimate of heritability (0.09) for lambs born for grade Targhee ewes managed in a range environment. The heritability estimate for litter size at weaning is similar to the realized heritability estimate (0.02) for survival to weaning reported by Bradford et al. (1999) for the same grade Targhee ewes used in Sakul et al. (1999) . The heritability estimate for litter size at weaning is similar to the estimate of 0.04 reported by Burfening et al. (1993) for Rambouillet ewes and to the weighted mean of reported estimates of 0.05 reported by Fogarty (1995) . Bromley et al. (2000) . However, the estimate of maternal heritability was similar to their estimate (0.24). Estimates of direct heritability for both birth weight and weaning weight were similar to the weighted mean of estimates (0.19 and 0.20, respectively) for dual-purpose breeds reported by Fogarty (1995) . The estimate of direct heritability for weaning weight was higher than the realized heritability estimates (0.06 and 0.08) reported by Sakul et al. (1999) but similar to their heritability estimate (0.16) based on a mixed-model. The larger estimate of maternal heritability for birth weight compared with the estimate for weaning weight supports the conclusion of Robison (1981) that maternal genetic effects generally are important for measurements of weight at younger ages and diminish with increasing age. The estimates of direct and maternal heritabilities also agree with those of Nä sholm and Danell (1994), who reported that maternal heritability estimates were higher than direct heritability estimates for lamb weights at early ages, but that at later ages direct heritability estimates were up to three times greater than estimates for maternal heritability.
Wool Traits. Estimates of direct heritability for wool traits were moderate to large (0.53, 0.41, and 0.55, for fleece grade, fleece weight, and staple length, respectively). Estimates of variance due to permanent environmental effects as a proportion of total variance were 0.14 for fleece weight and 0.11 for fleece grade. Heritability estimates for fleece weight and staple length agreed with estimates of 0.47 and 0.44, respectively, reported by Bromley et al. (2000) . The estimate for fleece weight was larger than the weighted mean of 0.36 summarized by Fogarty (1995) , but smaller than the 0.66 reported by Saboulard et al. (1995) for clean fleece weight in Western Whiteface ewes. The estimate for fleece grade was somewhat less than the estimate of 0.46 reported by Bromley et al. (2000) and was also smaller than the weighted mean of 0.52 reported for fiber diameter by Fogarty (1995) . The estimate of variance due to permanent environmental effects as a proportion of total variance for fleece weight was similar to the 0.13 reported by Bromley et al. (2000) .
Estimates from Bivariate Analyses
Within Prolificacy Traits. The estimate of direct genetic correlation between litter size at birth and litter = variance due to permanent environmental effects associated with the dam as proportion of total variance; e 2 = variance due to residual effects as proportion of total variance; σ 2 p = phenotypic variance; r am = correlation between direct additive genetic and maternal additive genetic effects within trait; r g = genetic correlation; r m = correlation between maternal genetic effects; r p = correlation between maternal permanent environmental effects; r e = correlation between temporary environmental effects; and r aimj = correlation between direct additive genetic effect for trait i and maternal genetic effect for trait j.
size at weaning was large and positive (0.84; Table 6 ). The estimate of the genetic correlation between litter size at birth and litter size at weaning was less than the 1.00 estimated by Bromley et al. (2000) , which may be due to inclusion in the current study of records of all ewes that were bred and present at lambing and of records of ewes lambing with lambs dead at birth. The estimate of genetic correlation was less than the weighted average of 0.91 from the review of Fogarty (1995) .
The estimate of correlation between permanent environmental effects of ewes was moderate and positive for litter size at birth with litter size at weaning (0.52). This estimate was larger than the estimate of 0.22 presented by Bromley et al. (2000) . Differences between this study and that of Bromley et al. (2000) may be due largely to our consideration of nonpregnant ewes at lambing, whereas Bromley et al. (2000) considered only records of ewes that lambed with live lambs. Table 7 , the estimate of direct genetic correlation between birth weight and weaning weight was moderate and positive (0.56), which was greater than the 0.18 between birth weight and average daily gain from birth to weaning reported by Bromley et al. (2000) and the weighted mean of 0.39 between birth weight and weaning weight summarized by Fogarty (1995) . The moderate estimate of direct genetic correlation between birth weight and weaning weight suggests that animals with above average weaning weight would tend to be above average in genetic merit for birth weight. The estimate of maternal genetic correlation between birth weight and weaning weight was also moderately positive (0.58) and was larger than the estimate of 0.38 presented by Bromley et al. (2000) . The moderately positive maternal genetic correlation indicates that Columbia ewes, which are above average in genetic merit for giving birth to lambs with heavier birth weights, will tend to produce lambs with heavier weaning weights. Estimates of genetic correlations between direct and maternal effects were both small to moderate (0.00 and 0.23) and were in general agreement with estimates presented by Bromley et al. (2000) . The estimate of correlation between permanent environmental effects of the dam for birth and weaning weight was moderately large and positive (0.46) and agreed with the estimate between birth weight and average daily gain to weaning of 0.46 reported by Bromley et al. (2000) . Table 8 shows that estimates of direct genetic correlations between pairs of wool traits were positive between fleece weight and staple length (0.55) and negative between fleece grade and both fleece weight (−0.47) and staple length (−0.70), which agree with previous estimates (Bromley et al., 2000) .
Within Weight Traits. As shown in
Within Wool Traits.
The moderate and negative (unfavorable) estimate of the genetic correlation between fleece grade and fleece weight is larger than the small and positive (unfavorable) mean of estimates (0.17) between fleece fiber diameter and fleece weight reported by Fogarty (1995) , but similar to the moderate and positive (unfavorable) genetic correlation between fiber diameter and clean fleece weight (0.36) reported by Iman et al. (1992) . The negative genetic correlation between fleece weight and grade suggests that selection for fleece weight would decrease genetic merit for fleece grade. between fleece grade and staple length is much greater in magnitude than the estimate of 0.10 between fiber diameter and staple length reported by Atkins (1997) . The negative genetic correlation between fleece grade and staple length indicates that staple length would decrease as a genetic response to increase (improvement) in fleece grade.
Prolificacy and Weight Traits. Estimates of genetic
correlations among prolificacy and weight traits ranged from 0.00 between litter size at weaning and birth weight to 0.33 between litter size at birth and weaning weight ( Table 9 ). The estimate of genetic correlation between litter size at weaning and birth weight was different from the −0.37 reported for the Columbia breed by Bromley et al. (2000) . The estimate of the genetic correlation between birth weight and litter size at birth (0.10) was similar to the average for four breeds of 0.12 reported by Bromley et al. (2000) , but was smaller than the average of estimates (0.30) reviewed by Fogarty (1995) .
Estimates of genetic correlation between weaning weight and litter size at birth (0.33) and weaning weight and litter size at weaning (0.24) were in agreement with the average for three breeds (Polypay, Rambouillet, and Targhee) reported by Bromley et al. (2000) for average daily gain to weaning and litter size at birth (0.31) and for average daily gain to weaning and litter size at weaning (0.14), but conflict with those reported for Columbia sheep in the same study (−0.30 for average daily gain to weaning and litter size at birth and −0.82 for average daily gain to weaning and litter size at weaning). Fogarty (1995) reported a mean of estimates of genetic correlation between weaning weight and litter size at weaning of 0.34. Positive correlations suggest selection for weaning weight may increase genetic merit for litter size at birth.
Estimates of correlations between direct genetic effects for prolificacy traits and maternal genetic effects for weight traits were moderate to large. The estimate between litter size at birth and weaning weight (0.40) and litter size at weaning and birth weight (0.36) were larger than estimates of 0.02 and 0.08, respectively, reported by Bromley et al. (2000) , but the estimates between litter size at birth and birth weight (0.21) and litter size at weaning and weaning weight (0.66) were similar to their estimates (0.36 and 0.51, respectively).
Prolificacy and Wool Traits. Estimates of genetic correlations between prolificacy traits and wool traits ranged from −0.20 between litter size at weaning and staple length to 0.17 between litter size at birth and fleece grade (Table 10 ). These estimates in general were in the same direction, but smaller in magnitude than those estimated by Bromley et al. (2000) . One exception was between litter size at birth and fleece grade, where they reported a genetic correlation of −0.02. Small negative correlations between fleece weight and the litter size traits indicate ewes that are genetically predisposed to produce larger litters also tend to produce lighter fleeces. Ewes with higher reproductive rates may genetically partition more nutritional resources away from wool fiber growth in favor of reproduction. Slightly positive (desirable) genetic correlations between fleece grade and the two litter size traits indicate that selecting for increased litter size should not have a negative impact on fleece grade. Staple length as yearlings, however, was negatively correlated with both prolificacy traits. The negative correlations may indicate that animals that are genetically predisposed to producing and weaning smaller litters are also genetically predisposed to divert available nutritional resources into production of wool.
Estimates of correlations between permanent environmental effects for prolificacy and wool traits ranged from −0.63 between litter size at birth and fleece grade and 0.51 between litter size at birth and fleece weight. Environmental effects associated with the ewe's lifetime records appear to have either significant positive or negative effects on the relationship between litter size at birth and some fleece characteristics.
Weight and Wool Traits. Estimates of genetic correlations ranged from −0.11 between weaning weight and fleece grade to 0.21 between birth weight and fleece weight (Table 11) , similar to those reported by Bromley et al. (2000) . Positive correlations for fleece weight with birth and weaning weight (0.21 and 0.18) suggest genetic factors influencing animal growth also influence wool growth.
Estimates of Individual Breeding Values and Genetic Change
Means of estimates of breeding value by year of birth calculated from both single-trait analyses and from analysis were slightly less from 1958 to 1976 than means of estimates for breeding value from the multiple-trait analysis (Figure 3) . During that period, the average estimate of breeding value for birth weight increased 0.3 kg. The mean of estimates of breeding value for birth weight increased more than 0.2 kg between 1977 between and 1978 between . After 1978 between and until 1992 , means of estimates of breeding value from the singletrait analysis were about 0.2 kg less than means of estimates of breeding value from the multiple-trait analysis. Selection was not directly applied for birth weight. The 0.2-kg difference between the two means of estimates of breeding value for birth weight may be due to the positive genetic correlations between birth weight and litter size at birth and also weaning weight. The difference between means of estimates of breeding value from single-trait and multiple-trait analyses decreased after 1992. Means of estimates of breeding value for birth weight increased about 0.8 kg during the study period.
Means of estimates of breeding value for weaning weight by year of birth from single-trait and multipletrait analyses were similar from 1950 to 1976 during which both increased about 3 kg (Figure 4) . The increase in means of estimates of breeding value between 1976 and 1977 was 1 kg. From 1978 to 1998, the means of estimates of breeding value increased steadily, a total of about 4 kg. Estimates from the single-trait analysis were slightly smaller than estimates from the multiple-trait analysis during this period. Weaning weight was positively correlated genetically with litter size at birth (0.33), litter size at weaning (0.24), and birth weight (0.56). These three traits all increased during the study period. Because the multiple-trait analysis accounts for correlations among weaning weight and the other three traits, the increase in the three correlated traits may have resulted in larger estimates of breeding value from the multiple-trait analysis than those from single-trait analyses, which do not take into account correlations among traits. During the 49-yr period, the mean of estimates of breeding value by year of birth for weaning weight increased over 8 kg.
Wool Traits. Means Means of estimates of breeding value then varied between 0.7 and 1.0 kg heavier than the base year until about 1993, when means of estimates of breeding value decreased to 0.3 kg below the base year estimates by 1997, although rebounding to 0.3 kg above the base year estimates in 1998. However, the animals born in 1998 had no fleece records, so that their estimates of breeding value are based on records of ancestors, which were mostly born in 1996 and earlier, before the 1997 decrease in the mean of estimates of breeding value.
Means of estimates of breeding value by year of birth for fleece grade were similar between single-trait and multiple-trait analyses ( Figure 6 ) and changed little from the base year through 1967. From 1967 until 1978, means of estimates of breeding value gradually increased by 2 spinning counts. From 1978 to about 1990 means of estimates of breeding value gradually decreased toward the mean for the base year. Means of estimates of breeding value were similar to those for the base year for the remainder of the study period. Means of breeding values by year of birth from singletrait and multiple-trait analyses were within 1 spinning count throughout the study, which is a small difference considering the standard deviation of 3.8.
Means of estimates of breeding value by year of birth for staple length from the single-trait analysis decreased about 0.2 cm over 13 yr, but means of estimates of breeding value from the multiple-trait analy- sis showed an increase of about 0.8 cm (Figure 7) . The difference in means was established by 1982 to 1983 and remained constant to 1991. This difference may be due to the high positive genetic correlation between staple length and fleece weight. The mean of estimates of breeding value for fleece weight increased almost 1 kg during the same time period. Traits with which staple length is negatively correlated did not show any substantial increase between 1977 and 1990 and so would not have as much influence as fleece weight on estimates of breeding value from the multiple-trait analysis for staple length. Estimated breeding values averaged over year of birth did not appear to differ substantially between estimates of breeding values obtained from singletrait and multiple-trait analyses, except for traits which were highly correlated with another trait that was responding to selection. Estimates of breeding value for litter size at birth and litter size at weaning from the multiple-trait analysis tended to be higher relative to estimates from single-trait analyses due to the high genetic correlation between them (0.79). Estimates of breeding value for birth weight and weaning weight from the multiple-trait analysis also increased relative to estimates from single-trait analyses due to the high genetic correlation between them (0.56). Use of estimates of genetic correlations less than 0.5 did not have a noticeable impact on breeding value estimates of other traits.
Implications
Litter size at weaning and weaning weight are both components of weaning performance, an economically important trait, and are lowly heritable. However, selection based on weaning performance over a long period could result in a moderate positive response in both litter size at weaning and weaning weight in a flock of a dual-purpose breed, such as the Columbia. Although, litter size at birth and birth weight are also lowly heritable, positive genetic correlations between the components of weaning performance with both of these traits suggest that selecting for weaning performance would result in positive genetic gains in both litter size at birth and birth weight. Wool traits would not be expected to be adversely affected significantly over a long period of selection for weaning performance, due to the near zero genetic correlations between weaning performance and wool traits. 
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